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Several isotypes of protein kinase C (PKC) have been reported to be expressed in mammalian eggs, but it is unknown whether these
isotypes have a common function in the egg during or within the first few hours of fertilization. Here we show that the isotypes of PKC
exhibit distinct patterns of enrichment immediately after mouse egg activation. PKCa and g accumulate in the egg cortex 25 min post-
activation, while only PKCa accumulates at the contractile ring of the forming second polar body about 1.5 h post-activation. PKC~ exhibits
some unique features that resulted in it being the focus of more extensive analysis. PKC~ is tightly associated with the meiotic spindle as
determined by detergent extraction and is closely associated with a-tubulin as determined by FRET analysis in the metaphase II (MII) egg. In
addition, after egg activation, PKC~ remains associated with the spindle as it transits into anaphase II and later telophase II, becoming
associated with the midzone microtubules. Antibodies to the active form of PKC~ are enriched on the spindle poles and later in development
on the midzone microtubules. Active PKC~ also is enriched in both pronuclei in the 6-h post-fertilization and in the 14-h post-fertilization
embryo as well as in the nuclei of the two-cell embryo. Inhibition of PKC~ , but not inhibition of other isotypes of PKC, results in rapid
disruption of the meiotic spindle. This study suggests that PKC~ has a role in spindle stability, while other PKC isotypes have different roles
in the conversion of the egg to the zygote.
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Fertilization, and the cellular processes it initiates,
reorganizes the egg into the zygote through an interacting
series of structural and biochemical changes occurring in a
distinct temporal and spatial pattern. Many of the major
structural changes involve the cytoskeleton; for example,
the meiotic spindle, itself an element of the cytoskeleton,
is located at the edge of the egg, in a microvillar-free,
actin-enriched area of the cortex. Fertilization results in the
transit of the meiotic spindle from metaphase II to ana-
phase II accompanied by formation of midzone micro-
tubules, and upon completion of the meiotic cycle, a polar0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: Dcapco@ASU.edu (D.G. Capco).body is extruded by closure of an actin–myosin-based
contractile ring (Gallicano et al., 1997a; Maro et al.,
1986). As the zygote transits into interphase, additional
structural changes occur as pronuclei form and transcrip-
tional activity initiates (Liu and Yang, 1999; Matsumoto et
al., 1994; Moos et al., 1996). Mediating each of these
structural changes are cytoplasmic signal transducers,
some of which act either globally or locally in the
fertilized egg (Baluch et al., 2004; Capco, 2001).
Many cytoplasmic signal transducers have been linked to
specific functions in the egg. A calcium signal, initiated by
fertilization, acts near the top of a hierarchy of calcium-
dependent signaling events becoming upregulated through
calcium-dependent pathways such as those involving pro-
tein kinase C (PKC), calmodulin, and calcium–calmodulin-
dependent protein kinase II (Gallicano et al., 1993; Johnson
et al., 1998; Williams et al., 1998). As some signaling
pathways upregulate, others become downregulated by the
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mos. On the other hand, other signals, such as MAP kinase,
may act independent of, and in parallel with, calcium-
dependent enzymes (Capco, 2001; Hatch and Capco, 2001).
A number of studies have shown that in any mammalian
species examined, the egg and embryo contain several
different isotypes of PKC, although the exact isotypes vary
depending on the species examined (Gangeswaran and Jones,
1997; Pauken and Capco, 2000; Raz et al., 1998; Viveiros et
al., 2003; Viveriros et al., 2001). However, all studies agree
that there are multiple isotypes of PKC within the egg. This
prompts the following questions: Why does the egg need so
many different isotypes of PKC? Further, if PKC had a single
role in response to fertilization, would not one isotype be
sufficient?
The various isotypes of PKC have different cofactor
requirements for activation. The conventional isotypes are
diacylglycerol (DAG)-, phospholipid- and calcium-depen-
dent, while the novel isotypes are calcium-independent, but
DAG- and phospholipid-dependent. The third group is the
atypical isotypes that are both calcium- and DAG-indepen-
dent. The different isotypes of PKC have been shown to
have different substrate preferences (Capco, 2001; Li et al.,
2002; Mochly-Rosen, 1995; Schonwasser et al., 1998), and
consequently, if a cell contained more than one isotype, then
possible roles for these isotypes could be to act on different
substrates. In mammalian eggs (Gallicano et al., 1997b), it
has been shown that when the conventional isotypes of PKC
are activated, there is an initial enrichment of PKC near the
plasma membrane of the egg. Later, when the catalytic
domain is cleaved from the membrane binding domain,
the catalytic domain diffuses into the cell interior while
remaining an active kinase and phosphorylates components
associated with the cytoskeletal sheets (Gallicano et al.,
1995).
An earlier study identified six isotypes of PKC in the
mouse egg that included PKCa, g, y, E, A, and ~ (Pauken and
Capco, 2000). We hypothesize that at least some of these
isotypes have distinct functions within the cell and do not all
serve as a backup mechanism for a singular function of PKC.
In this investigation, we characterize the subcellular distri-
bution of each of these PKC isotypes within the first few
hours after fertilization or egg activation. We predicted that at
least some of the PKC isotypes would have distinct spatial
and temporal distributions. Further, we anticipated that the
subcellular distribution would suggest a function for some of
the isotypes that could be characterized further to determine
the mechanism of action of that isotype.Materials and methods
Egg procurement, activation, and fertilization
The experiments were preformed using eggs obtained
from CD-1 mice supplied from Charles River Laboratories,Inc. (Wilmington, MA). Mice were superovulated by intra-
peritoneal injection (5 IU of pregnant mares’ serum gonad-
otropin [Calbiochem, Corp. Cat # 367222, La Jolla, CA]
followed 47–49 h later by 5 IU of human chorionic
gonadotropin [Calbiochem, Corp. Cat # 230734]). Eggs
were collected in KSOM-H media (Specialty Media, Inc.,
Phillipsburg, NJ) 14–16 h after the second injection as
described previously (Pauken and Capco, 2000). Cumulus
cells were removed with 300 Ag/ml hyaluronidase (Sigma
Co., St. Louis, MO) and the eggs were washed three times
in KSOM-H before treatment.
To synchronously activate eggs, which is not possible in
zona-enclosed eggs during in vitro fertilization, and exam-
ine changes in PKC distribution within the first few minutes
of egg activation, eggs were treated with calcium ionophore
and examined at increasing time intervals after activation.
The calcium ionophore used was A23187 (Calbiochem,
Corp. [Cat # 100105]), which was diluted with KSOM-H
(with no BSA) to a final concentration of 1 AM. The eggs
were incubated at 37jC in calcium ionophore for 2 min,
washed three times in KSOM-H, and then collected at 5, 25,
and 45 min post-activation. Eggs also were collected at
metaphase II (MII) without treatment. These egg samples
were fixed and used for immunocytochemistry. Each iono-
phore activation experiment had a control to test for spon-
taneous egg activation, for the duration of the time course,
in which 10 MII eggs were set aside, incubated at 37jC, and
observed. To examine time points beyond 1 h post-activa-
tion, eggs were subjected to in vitro fertilization. HTF
(Irvine Scientific Sales Co., Inc., Santa Ana, CA) and
KSOM (Specialty Media, Inc.) were pre-incubated for 24 h
at 37.5jC and 5% CO2. Male CD-1 mice were euthanized
and each cauda epididymis and vasa deferentia removed and
placed in 1 ml of HTF contained within a well plate. Sperm
released through incisions were allowed to capacitate for 1 h
at 37.5jC and 5% CO2 and mixed with cumulus enclosed
eggs at a final concentration of 5  105–106 sperm in 1 ml
of HTF made 7.5% with calf serum.
Detergent extraction
Eggs were detergent-extracted by incubation in an intra-
cellular buffer containing 1% Tween-20 and a protease
inhibitor as described previously (Baluch et al., 2004).
Inhibitor treatments
The PKC~ pseudosubstrate inhibitor is derived from
amino acids 113–125 of the pseudosubstrate region of
PKC~ and is made membrane permeant by myristoylation
(Sajan et al., 1999; Standaert et al., 1999). BIM and PKCc
are two structurally different inhibitors that block the
action of some isotypes of PKC. BIM is membrane
permeant and acts on the catalytic subunit of PKCa, h,
g, y, and q isotypes blocking the binding of ATP (Toullec
et al., 1991). In contrast, PKCc is derived from the
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membrane permeant by myristoylation (Eichholtz et al.,
1993; Gupta et al., 1996).
A dose–response curve was developed in preliminary
experiments to determine optimal inhibitor concentration that
blocked the activity of the kinase. PKC~ pseudosubstrate
(Calbiochem, Corp. [Cat # 539624]) was diluted from a 10
mM stock to a working concentration of 10 AM in KSOM-H.
Bisindolylmaleimide (BIM I, Calbiochem [Cat # 203290])
and PKCc (Biomol [Cat # p-205], Plymouth Meeting, PA)
were diluted from a 10 mM stock to a working concentration
of 5 AM (BIM) and 10 AM (PKCc) in KSOM-H. Eggs were
treated for 30 min with inhibitor. Treated eggs were then
processed for immunocytochemical analysis.
Immunocytochemistry and immunoblotting
The chemicals listed below are obtained from Sigma
Company unless otherwise noted. To assure accuracy, anti-
bodies for the different PKC isotypes were obtained from
three different suppliers. The following primary antibodies
were used for immunocytochemistry and immunoblotting:
anti-total PKCa, g, y, and ~ (Santa Cruz Biotechnology, Inc.
[Cat #s: alpha; sc-208, delta; sc-213, total zeta; sc-216, and
phospho zeta; sc-12894 made in rabbit], Transduction Labs,
Inc., San Jose, CA [Cat #s: alpha-p16520, gamma-p20420,
delta-p36520, all made in mouse], and Cell Signaling Tech-
nology, Beverly, MA [phospho-PKC sample antibody kit,
Cat #9921 made in rabbit]). Secondary antibodies used for
immunocytochemistry were Alexa 568- and 488-conjugated
IgGs (Molecular Probes, Inc., Eugene, OR [Cat # Alexa 568
rabbit-A11011, Alexa 568 mouse-A11004, Alexa 488
mouse-A11001]).
Eggs arrested at MII were activated with calcium iono-
phore A23187 or fertilized to the desired stage and were fixed
intact for 30 min in 2.0% paraformaldehyde in ICB (ICB: 100
mM KCl, 5 mM MgCl2, 3 mM EGTA, and 20 mM HEPES)
and permeabilized for 30 min in 2.0% paraformaldehyde and
1.0% Tween-20 in ICB. The samples were then washed three
times for 15 min each in washes of ICB made 1% with BSA.
The samples were next challenged with primary antibodies
that were diluted in antibody dilution buffer (ICB made 1%
with 5% nonfat milk, 0.5% Tween-20) overnight at 4jC. The
following day, samples were washed four times in ICB made
1%with BSA for 15 min each and then placed into secondary
antibody, which was also diluted in antibody dilution buffer,
overnight at 4jC. The samples were next washed two times in
ICB made 1% with BSA for 15 min, one time in ICB for 15
min, and then, to permit chromosome visualization, placed in
DAPI (0.5Ag/ml in ICB) for a 15-min incubation. Each
experiment was repeated independently a minimum of three
times and each sample contained a minimum of 20 eggs.
One hundred MII eggs per lane were processed through
SDS-PAGE and transferred to a nitrocellulose membrane as
described previously (Pauken and Capco, 1999). After block-
ing, the blots were challenged with antibodies to the PKCisotypes, and subsequently challenged with the appropriate
second antibody. Localization of the antibodies was detected
by chemiluminescence using an ECL-plus kit (Amersham
Bioscience Corp., NJ) with HRP (Pierce Biotechnology, Inc.,
Rockford, IL, Cat # 31430, goat anti-mouse IgG HRP, Cat #
31460, goat anti-rabbit IgGHRP). PKC~ antibodies were pre-
absorbed with corresponding PKC peptides (Santa Cruz
biotechnology, Inc., total PKC~ antigen Cat # sc-216P, active
PKC~ antigen Cat # sc-12894P). The peptide was incubated
with the antibody for 48 h at 4jC and the precipitate removed
by centrifugation prior application to the Western blot.
Confocal microscopy
The samples listed above were mounted on a coverslip
coated with 0.1% poly-L-lysine and elevated by wax
droplets to prevent compression of the eggs. The mount
was sealed with nail polish. The eggs were viewed on
the Leica TCS NT confocal microscope or the Leica SP2
microscope housed in the W. M. Keck Bioimaging
Laboratory at Arizona State University. Multiple lasers
allowed for simultaneous imaging of the DAPI (Argon
UV [363 nm]) and Alexa 568 (Krypton [568 nm])
fluorophore-labeled samples. Using a 63 water objec-
tive, images were scanned at 0.6 Am intervals in the z
axis and collected through the volume containing the
meiotic spindle. The image files were analyzed and
intensity values measured using the Leica NTS software
(Leica Microsystems, Inc., Bannockburn, IL).
Fluorescence resonance energy transfer measurements
Eggs in MII obtained as described above were labeled
with primary antibodies (anti-a tubulin [ICN, Costa
Mesa, CA, Cat # 1011] and anti-PKC~ [Santa Cruz
Biotechnology, Inc., Cat # sc-216]) followed by second-
ary antibodies (Alexa 488 and 568, Molecular Probes,
Inc. [Cat # rabbit 11011, mouse 11004]). The eggs were
viewed on the Leica SP2 microscope housed in the W.
M. Keck Bioimaging Laboratory at Arizona State Uni-
versity. Multiple lasers allowed for sequential imaging of
Alexa 488 (Argon [488 nm]) and Alexa 568 (Krypton
[568 nm]) fluorophore-labeled samples. FRET analysis
software contained in the Leica SP2 imaging system
was used to determine the energy efficiency by acceptor
photobleaching (Zimmermann et al., 2002). The acceptor
fluorophore (Alexa 568) was photobleached to 100% so
that it was indistinguishable from background fluores-
cence. The FRET efficiency was calculated using formula
(1) by the Leica SP2 software, FRET Acceptor Bleach
Application, where D represents the emitted donor fluo-
rescence before and after bleaching.
FRETEFF ¼ Dpost  Dpre
Dpost
For all Dpost > Dpre ð1Þ
Fig. 2. Pixel intensity values, expressed as the mean F SEM (n = 3), for
different PKC isotypes in eggs arrested at MII. Means were compared using
the Student’s unpaired t test. The intensity value for PKC~ is about twofold
higher than that found for PKCa, y, and g (P < 0.001).
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Fertilization-competent mouse eggs were challenged
with antibodies to the different PKC isotypes. Four isotypes
were found enriched around the meiotic spindle (Fig. 1).
PKCa, g, y, and ~ all exhibited an enrichment in the area of
the meiotic spindle that extended the entire length of the
spindle, but were excluded from the area occupied by the
chromosomes (Figs. 1a–d). The remainder of the egg
cytoplasm exhibited a uniform distribution of each isotype.
The extent of the enrichment at the spindle was quantified
by determining the pixel intensity at the spindle compared to
the pixel intensity throughout the remainder of the cyto-
plasm. Each egg was sampled at three sites on the spindle
and three sites in the cytoplasm in three independent experi-
ments. PKC~ was enriched 3.5 times at the spindle com-
pared to the cytoplasm, whereas the other three isotypes
were enriched about 1.5 times at the spindle (Fig. 2). The
enrichment of PKC~ at the spindle clearly highlighted the
spindle fibers (Fig. 1d), while the enrichment of the other
PKC isotypes was less distinct and appeared as a diffuse
area at the spindle. These results suggested that the associa-
tion of PKC~ with the spindle may differ from the associa-
tion of other PKC isotypes with the spindle.
One approach to test whether PKC~ is bound to the
spindle microtubules is to detergent-extract fertilization-
competent eggs. Detergent extraction removes lipids and
the soluble components of cells and leaves behind the
cytoskeleton and elements bound to the cytoskeleton (Gal-
licano and Capco, 1995). When fertilization-competent
mouse eggs were detergent-extracted and then, in separate
experiments, challenged with antibodies to the differentFig. 1. Eggs arrested at MII labeled with PKC isotype antibodies, DAPI fluorescen
as single optical sections. Chromosomes are in green and the distribution of PK
enrichment of PKC isotypes around the MII spindle. Intact MII eggs are labeled
PKC~ , (e) detergent-extracted egg (i.e., DE PKC~) labeled with PKC~ . Scale barPKC isotypes, no enrichment around the spindle was
detected except in the case for PKC~ (Fig. 1e). PKC~
remained tightly associated with the meiotic spindle and
appeared to be bound to the spindle fibers after detergent
extraction. To demonstrate that PKC~ colocalized with the
spindle microtubules, metaphase II eggs were detergent
extracted, fixed, and subsequently triple labeled with anti-
bodies to tubulin and PKC~ , and with DAPI to label the
chromosomes. Such a specimen is shown as a stereoscopic
pair in Fig. 3. Tubulin is labeled green while PKC~ is
labeled red, and the chromosomes are labeled blue. Coloc-
alization of tubulin and PKC~ is visualized as yellow. The
greatest intensity of PKC~ and tubulin colocalized (i.e., the
yellow color) on the spindle is near the spindle poles, whilece staining, and scanned using Leica TCS NT confocal microscopy viewed
C is shown in gray tones where white is highest intensity. All eggs show
with (a) PKCa. Inset is second antibody control. (b) PKCg, (c) PKCy, (d)
is 10 Am.
Fig. 4. LSCM image of eggs at increasing time points after activation or
fertilization labeled with antibodies to either PKCg or PKCa and DNA
(green). (a) Egg 25 min after activation labeled with PKC g shows an
enrichment at the egg periphery. (b) Egg at 1.5 h post-activation, labeled
with PKCg showing a reduced distribution of PKCg at the egg periphery.
(c) Egg 6 h post-fertilization, obtained by in vitro fertilization (IVF), and
labeled with PKCg. Arrows point to the male and female pronuclei. (d)
Two-cell embryo labeled with PKCg shows distinct localization of this
isotype within the nuclei but excluded from the nucleoli. (e) Egg 25 min
after activation shows an enrichment of PKCa at the egg periphery. The
inset shows a control egg arrested at MII that was not treated with the first
antibody. (f) Egg 1.5 h post-activation labeled with PKCa. There is a
distinct enrichment of PKCa in the region of the contractile ring forming
the second polar body. (g) IVF egg, 6 h post-fertilization labeled with
PKCa. Arrow points to an encircled area, which is the location of the
smaller pronucleus. The larger pronucleus, near the first polar body, has a
distinct concentration of PKCa signal along its perimeter. (h) Two-cell IVF
embryo labeled with PKCa and shows faint localization of isotype within
the nuclei but excluded from the nucleoli. Scale bar is 10 Am.
Fig. 3. Laser scanning confocal microscope (LSCM) image of an egg triple
labeled with a-tubulin (green), PKC~ (red), and DAPI staining of the DNA
(blue) as a stereo pair image from a stack of ten 0.6 Am sections.
Colocalization of tubulin and PKC~ is visualized as yellow. The greatest
intensity of PKC~ and tubulin colocalized on the spindle is near the spindle
poles. Spindle microtubules near the chromosomes do not appear as yellow
but exhibit more green, which is representative of less PKC~ and more
tubulin. Scale bar is 10 Am.
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appear as yellow and exhibit more green, representative
of less PKC~ and more tubulin.
Eggs in MII were either fertilized in vitro or activated
with calcium ionophore to examine the distribution of each
PKC isotype during development to the two-cell stage.
Since in vitro fertilization does not synchronously activate
MII arrested eggs, the eggs were treated with calcium
ionophore to obtain time points within minutes of egg
activation, and in vitro fertilization was used for the later
time periods. All of the isotypes, except PKC~ , lost their
enrichment near the meiotic spindle immediately after egg
activation and became uniformly distributed in the egg.
PKCg and PKCa were unique in that during development,
they accumulated at distinct locations on the egg architec-
ture at key times during development. Immediately after
egg activation, PKCg lost its enrichment around the
spindle (data not shown), and by 25 min post-activation,
PKCg became transiently enriched at the cortex of the egg
(Fig. 4a). The enrichment at the cortex was greatly reduced
within 1.5 h after egg activation (Fig. 4b). At 6 h post-
fertilization, the male and female pronuclei had formed,
but PKCg was excluded from the pronuclei (Fig. 4c). In
contrast, in the two-cell stage embryo, PKCg was present
in the nuclei, but excluded from nucleoli (Fig. 4d). After
egg activation, PKCa was no longer associated with the
spindle (data not shown), but by 25 min post-activation,
this isotype became enriched at the periphery of the egg
(Fig. 4e). At 1.5 h post-activation, an enrichment appeared
near the base of the second polar body that would be
occupied by the contractile ring (Fig. 4f). PKCa was
present at a low level in the smaller of the two pronuclei
6 h post-fertilization, but was present at the outer edge of
the larger of the two pronuclei (Fig. 4g). In the two-cell
embryo, PKCa was present in both the nuclei, but exclud-
ed from nucleoli (Fig. 4h).Except for PKC~ , the other isotypes of PKC became
uniformly dispersed in the cytoplasm immediately after egg
activation. PKC~ was present at the MII spindle (Fig. 5a)
and remained associated with the spindle as it transited
through anaphase and telophase becoming enriched on the
midzone microtubules (Fig. 5b). In addition, PKC~ was
enriched in both pronuclei 6 h post-fertilization, as well as in
the egg cortex (Fig. 5c), and was present in the pronuclei
Fig. 5. Optical sections from LSCM of eggs and embryos at increasing time
points labeled with antibodies that bound to both the nonphosphorylated
and phosphorylated forms of PKC~ (panels a–e) or antibodies that bound
only to the phosphorylated form PKC~ (panels f– j) and staining of DNA
with DAPI (green). (a) MII arrested egg labeled for PKC~ showing an
enrichment at the meiotic spindle. Inset shows control where first antibody
has been omitted to demonstrate the absence of nonspecific binding of
secondary antibody. (b) Egg 30 min post-activation labeled for PKC~ . The
localization of PKC~ is found at the spindle poles and along the midzone.
(c) IVF embryo, 6 h post-fertilization labeled for PKC~ , shows a distinct
nuclear localization of PKC~ and enrichment at cortex. (d) IVF embryo 14-
h post-fertilization shows enrichment of PKC~ in the pronuclei. (e) IVF 2-
cell stage embryo shows PKC~ in the nuclei. (f) MII egg labeled with anti-
phospho PKC~ antibody shows a distinct localization of active PKC~ at the
spindle poles. (g) Egg 30 min post-activation and labeled with anti-phospho
PKC~ antibody. The localization of active PKC~ is seen at the region of the
spindle poles and along the midzone. (h) IVF embryo, 6 h post-fertilization
and labeled with anti-phospho PKC~ antibody, has an enrichment of active
PKC~ in both pronuclei but excluded from the nucleolus. The inset shows
the other pronucleus in the same egg. (i) IVF embryo 14 h post-fertilization
contains active PKC~ in pronuclei and (j) IVF 2-cell stage embryo also
contains active PKC~ in the nuclei. Scale bar is 10 Am.
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nuclei of early two-cell stage embryo (Fig. 5e).
Retention of PKC~ on the meiotic spindle after deter-
gent extraction as well as its continued association with the
meiotic spindle as the egg transited into anaphase and
telophase made PKC~ unique among the isotypes studied.
To further characterize PKC~ , we applied an antibody that
bound only to the active form of PKC~ (Standaert et al.,
2001; Toker, 1998) and investigated the distribution of
active PKC~ through the time course of activation/fertili-
zation to the two-cell stage embryo. In eggs arrested at
MII, active PKC~ was greatly enriched at the spindle poles
(Fig. 5f). After egg activation, active PKC~ remained
enriched at the spindle poles, and in the region of the
midzone microtubules, there was a slight enrichment of
active PKC~ (Fig. 5g). At 6 h post-fertilization, zygotes
contained active PKC~ in both pronuclei (Fig. 5h), and
active PKC~ also was present in both pronuclei at 14 h
post-fertilization (Fig. 5i). In the two-cell embryo, active
PKC~ was present in both nuclei (Fig. 5j). In controls
where the first antibody was omitted, signal was absent
from the cytoplasm (inset Fig. 5a).
Eggs in MII were employed in Western blotting to
determine if the antibodies used in the study cross-reacted
with other proteins in mouse eggs (Fig. 6). In addition, since
these isotypes bound to the spindle, antibodies to total and
active PKC~ were each absorbed with the peptide used as the
antigen. These absorbed antibodies were also challenged
against MII eggs. The absorbed antibodies did not bind to
egg proteins while the antibodies to total or active PKC~
bound only to one band whose molecular weight identifies it
as PKC~ . The antibody to PKCy revealed a band at 76 kDa
that is the appropriate molecular weight for PKCy and also a
doublet at a lower molecular weight. This doublet has beenFig. 6. Western analysis of MII egg protein challenged with antibodies used
for immunocytochemistry. Isotypes are shown above the respective lanes
with ‘‘total’’ representing total PKC~ and ‘‘active’’ representing active
PKC~ . Lanes labeled with ‘‘+’’ had the antibody pre-absorbed with the
peptide antigen.
Table 1
Comparison of PKC isotypes
PKC~ PKCa PKCg PKCy
Detergent-extracted MII spindle +   
Spindle after egg activation +   
Six hours pronuclei +   F*
Two-cell nuclei + + + +
* PKCy was present at the periphery of some pronuclei 6 h post-
fertilization.
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eggs have been challenged with antibodies to PKCy (Viveiros
et al., 2003). PKCg has minor bands that suggest possible
nonspecific binding; however, PKCg was shown not to
associate tightly with the meiotic spindle.
PKC~ exhibited several distinct features not seen with
other isotypes of PKC (Table 1). The meiotic spindle
appears as the principal element of cellular architecture
where active PKC~ was localized in the MII egg and as the
egg transits into anaphase II and telophase II. This coupled
with our earlier observation that total PKC~ was the only
isotype of PKC that was attached to the spindle, as
determined by detergent extraction, suggesting that PKC~
may have a role associated with the spindle. We tested this
possibility by applying a membrane permeant, peptide
inhibitor of PKC~ . An untreated egg shows the localizationFig. 7. Treatment of MII eggs with inhibitors of PKC. The treatment is shown in the
in the lower right corner of each figure. (a) Untreated egg labeled with antibodies t
where the first antibody was omitted. (b) MII arrested mouse egg pretreated for 30
PKC~ antibody, and DAPI staining (green) shows the absence of active PKC~ in th
30 min with the same inhibitor of PKC~ (10AM), and labeled with anti-a-tubulin a
the loss of chromosome organization. (d) MII arrested egg treated with a differen
microtubules and chromosome organization remained intact. (e) MII arrested egg tr
q, but not PKC~ , shows an intact spindle and normal chromosome organization.of PKC~ at the spindle poles (Fig. 7a). Application of this
inhibitor resulted in the immediate inactivation of PKC~ as
detected by antibodies directed against the active form of
PKC~ (Fig. 7b). Application of this peptide inhibitor also
resulted in a shift in chromosome positioning suggesting
that the inactivation of PKC~ may have an affect on the
meiotic spindle. To test this possibility, eggs were labeled
with antibodies to tubulin after treatment with the PKC~
pseudosubstrate inhibitor. These eggs showed a disruption
of the spindle microtubules (Fig. 7c). Spindle stability was
only effected by the inhibition of PKC~ as inhibitors to
other isotypes of PKC had no effect on the spindle. For
example, when another membrane permeant, peptide inhib-
itor was applied, PKCc, which inhibits PKCa and h, there
was no effect on the spindle stability (Fig. 7d). In addition,
application of BIM, a membrane permeant, pharmacologi-
cal agent that inhibits PKCa, h, g, y, and q, also left the
spindle microtubules intact (Fig. 7e).
The association of total PKC~ with the microtubules
of the meiotic spindle was further tested using Fluores-
cence Resonance Energy Transfer (FRET) analysis that
can determine the molecular proximity of two proteins if
they are within 10–100 A˚ of each other. FRET analysis
measures the distance-dependent interaction between do-
nor and acceptor fluorescent probes in which excitation
energy is transferred without the emission of a photon.upper right corner, while antibody used for immunocytochemistry is shown
o anti-phospho PKC~ and DAPI staining (green). The inset shows as control
min with peptide inhibitor to PKC~ (10AM) and labeled with anti-phospho
e egg and disruption of chromosome organization. (c) MII egg pretreated for
ntibody and DAPI staining, shows the disruption of the meiotic spindle and
t peptide inhibitor, PKCc, which inhibits only PKCa and h, shows spindle
eated with a pharmacological inhibitor BIM that inhibits PKCa, h, g, y, and
Scale bar is 10 Am.
Fig. 8. Fluorescence Resonance Energy Transfer (FRET) analysis was used
to determine the energy efficiency by acceptor photobleaching. A MII egg
was first incubated with antibodies to a-tubulin and PKC~ and then labeled
with the secondary antibody FRET pair, Alexa 488 and 568 appropriate for
differential binding to the first antibody. The egg was scanned sequentially
on a Leica SP2 microscope by an argon (488 nm) and a krypton (568 nm)
laser. (a) Shows the resultant fluorescence emitted by a krypton (568 nm)
laser that images tubulin, while 7b shows that of the argon (488 nm) laser
scan that images total PKC~ . After krypton laser photo bleaching at a select
portion of the meiotic spindle (indicated with arrow), the egg is rescanned
in the same sequential manner showing a loss of signal in the select spindle
region at the 581–733 nm range (c) and an increase in light emission in the
500–552 nm range (indicated with arrow in d). Scale bar is 10 Am.
D. Page Baluch et al. / Developmental Biology 274 (2004) 45–5552This technique allows samples to be imaged with in-
creased spatial resolution beyond the limits of optical
microscopy (Zimmermann et al., 2002).
FRET acceptor photobleaching was conducted by
double labeling the spindle with antibodies to tubulin
(Fig. 8a) and PKC~ (Fig. 8b). The secondary antibody
for tubulin was Alexa 568 and served as the acceptor
fluorophore. The secondary antibody for PKC~ was
Alexa 488 and served as the donor fluorophore. The
same egg was next photobleached in a square area at the
spindle with the Kr (568 nm) laser. The square area is
indicated with an arrow in Fig. 8c. Photobleaching
disrupts the acceptor fluorophore preventing energy trans-
fer from the donor fluorophore in that area. Consequent-
ly, the donor fluorophore exhibits a brighter signal in the
area where the acceptor fluorophore was bleached when
the same egg is rescanned at the wavelength of the donor
fluorophore. This area is indicated with the arrow in Fig.
8d. The FRET analysis demonstrated a 35% FRET
efficiency indicating that PKC~ and tubulin in the meiotic
spindle are in close association.Discussion
The mammalian egg contains several different isotypes of
PKC (Gangeswaran and Jones, 1997; Pauken and Capco,2000; Raz et al., 1998; Viveiros et al., 2003; Viveriros et al.,
2001). Our previous study using mouse eggs and embryos
have shown the presence of conventional (a and g), novel (y
and A), and atypical (~ and E) PKC isotypes (Pauken and
Capco, 2000). We have hypothesized that different isotypes
have different functions rather than each isotype serving as a
back up mechanism for a common role of PKC in the egg.
Consequently, we predicted that some isotypes would have
distinct subcellular localizations at key points in early devel-
opment and that such localizations would suggest possible
functions for that isotype when examined in more detail. In
the current study, the subcellular enrichment of three PKC
isotypes suggested distinct functions for PKCa, g, and ~ .
PKCa was the only isotypes to become enriched at the
contractile ring of the forming second polar body, while
PKCa and PKCg became enriched at the cortex of the
activated egg 25 min post-activation. The distribution of
the PKC~ isotype stood out because it exhibited the greatest
number of unique features of PKC being the only isotype: (1)
to be 3.5-fold enriched on the spindle in intact eggs; (2) to
exhibit attachment to the meiotic spindle after detergent
extraction; (3) to remain associated with the spindle during
anaphase II and telophase II, remaining associated with the
midzone microtubules in the latter stages of meiosis; and (4)
to become enriched in both the male and female pronuclei at
an early pronuclear stage (i.e., 6 h after fertilization). These
observations are supported by work using somatic cells that
have demonstrated that PKC~ associates with the mitotic
spindle and remains associated after detergent extraction
(Lehrich and Forrest, 1994).
The unique features exhibited by PKC~ in mammalian
eggs and zygotes resulted in it being subjected to a more
detailed examination. To further characterize this isotype,
the distribution of the active form of the enzyme was
examined. The active form of PKC~ was characterized
using an antibody that bound to the phosphorylated form
of this isotype (Standaert et al., 2001; Toker, 1998). The
active form of the PKC~ isotype was present in only a
portion of the area occupied by total PKC~ ; here the word
‘‘total’’ refers to the distribution of both the inactive PKC~
(i.e., the nonphosphorylated form) and the active PKC~
(i.e., the phosphorylated form). The sites where PKC~ was
active could not be predicted from the distribution of the
mass of PKC as revealed by the antibody to the total PKC~ .
For example, in the metaphase II egg, active PKC~ was
greatly enriched at the spindle poles with only a faint
amount detectable on the spindle microtubules. In contrast,
total PKC~ was enriched throughout the spindle micro-
tubules. Such differences in site of enrichment when
comparing the active form of a kinase with the total form
of a kinase have been reported previously for other kinases
(Hatch and Capco, 2001). Active PKC~ remained associ-
ated with the spindle poles as long as they were present and
was present at a low level on the midzone microtubules.
The presence of active PKC~ in the region of microtu-
bule organizing centers suggests that this isotype may play
D. Page Baluch et al. / Developmental Biology 274 (2004) 45–55 53a role in meiotic spindle stability and may phosphorylate
components of the microtubule organizing center. This
notion was further supported by both the FRET analysis
and the observation that total PKC~ was the only isotype of
PKC to bind to the meiotic spindle after detergent extrac-
tion, again suggesting that this isotype may be associated
with the spindle. To test if PKC~ had an influence on
spindle stability, we applied a membrane permeant inhibitor
to PKC~ . This inhibitor is derived from amino acids 113–
125 of the pseudosubstrate region of PKC~ and is made
membrane permeant by myristoylation (Sajan et al., 1999;
Standaert et al., 1999). After application to MII eggs, the
inhibitor not only obliterated the signal from active PKC~ ,
but also caused the meiotic spindle microtubules to rapidly
disassemble. In contrast, inhibitors that inactivate other
isotypes of PKC, but not PKC~ , such as BIM and PKCc,
had no effect on the meiotic spindle microtubules. BIM and
PKCc are two structurally different inhibitors that block the
action of some isotypes of PKC. BIM acts on the catalytic
subunit of PKCa, h, g, y, and q isotypes blocking the
binding of ATP (Toullec et al., 1991). In contrast, PKCc is
derived from the pseudosubstrate domain of PKCa and h
(Eichholtz et al., 1993; Gupta et al., 1996). The disassembly
of the meiotic spindle after application of a PKC~ inhibitor
was rapid and suggests an interaction between PKC~ and
the stability of the meiotic spindle. Such an interaction is
possible because FRET microscopy analysis indicates that
PKC~ and tubulin in the meiotic spindle are near, as FRET
will occur only if the donor and acceptor are within 10–100
A˚ (Ng et al., 1999; Zimmermann et al., 2002).
Support for a role of PKC~ in stabilizing the meiotic
spindle also comes from work in other mammalian systems.
Several reports suggest that PKC~ acts directly on both
ERK1 and ERK2, and on MEK1 and MEK2 as well, to
activate these kinases (Liao et al., 1997; Sajan et al., 1999;
Schonwasser et al., 1998; Takeda et al., 1999). Since ERK1
and ERK2 represent the forms of MAP kinase present in
mouse eggs (Goren et al., 1994; Hatch and Capco, 2001;
Sobajima et al., 1993; Verlhac et al., 1993) and ERK1 and
ERK2 are enriched on the meiotic spindle (Hatch and
Capco, 2001) in a pattern similar to the distribution of
PKC~ , then PKC~ may influence spindle stability by effect-
ing the level of MAP kinase activity. MAP kinase has a key
role in the establishment of the M-phase array of micro-
tubules (Horne and Guadagno, 2003; Verlhac et al., 1996),
and consequently, inhibition of PKC~ may alter the activity
of MAP kinase or its upstream activator MEK, resulting in a
destabilization of the spindle microtubules.
Total PKC~ differed from the other isotypes of PKC in
that it was enriched in both pronuclei at a very early stage
(i.e., 6 h post-fertilization), and the antibody to the active
form of PKC~ indicates that this kinase is active in the
pronuclei. This study did not investigate the role of PKC~ in
the pronuclei; however, its enrichment there drives ques-
tions about its function in pronuclei. One possible function
stems from reports that PKC~ phosphorylates the transcrip-tion factor Sp1, which regulates binding of this transcription
factor to specific gene promotors (Rafty and Khachigian,
2001). Since the pronuclei of early mouse embryos are
trancriptionally active and have been shown to employ Sp1
as a transcription factor (Davis et al., 1996; Worrad et al.,
1994), it is possible that PKC~ mediates the activation of
this transcription factor. Both active and total PKC~ were
detected in pronuclei at 6 h and 14 h post-fertilization and
also in the early two-cell stage.
It is unclear why all of the isotypes examined were
accumulated around the meiotic spindle, although all, ex-
cept PKC~ , were removed by detergent extraction. Micro-
tubules have been reported to be involved with the
translocation of various PKC isotypes (Dykes et al., 2003;
Li et al., 2002), and PKCs have been reported to be
involved in the reorganization of the actin cytoskeleton
(Uberall et al., 1999). Thus, these PKCs may be involved
in maintaining the architectural structure of the egg. How-
ever, only PKC~ is part of the detergent-resistant cytoskel-
eton and tightly associated with the meiotic spindle.
Moreover, inhibition of PKC~ activity, but no other isotypes
of PKC, results in spindle disruption. The tight association,
as well as the close proximity of PKC~ and spindle tubulin,
supports the notion that the spindle itself may be a molecular
scaffold (Baluch and Capco, 2002; Gundersen and Cook,
1999; Nagata et al., 1998).
The observation that PKCa and PKCg accumulate at the
cell periphery about 25 min post-activation extends the
observations of Gallicano et al. (1997b) who showed that a
large amount of PKC moved to the cell periphery of the egg
at that same time. Since PKCa and g are both phospho-
lipid- and calcium-dependent for activation, their enrich-
ment at the cell periphery at this time would provide the
cofactors necessary for activation. PKCa and g could be
involved in triggering cortical granule exocytosis at this
time as suggested by Gallicano et al. (1997a); however, that
possibility was not examined in this study. PKC~ is neither
calcium- or phospholipid-dependent for its activation, and
its state of activation does not changes as a result of
calcium ionophore application; however, the elevated cal-
cium level alters spindle organization (i.e., the transition
from metaphase II to anaphase II) as a result of the
activation of calcium–calmodulin-dependent protein kinase
II (Johnson et al., 1998). The reorganization of the spindle
likely serves to reposition the PKC~ . Consistent with our
observations on PKCy, others have shown that PKCy
becomes associated with the meiotic spindle during meiosis
I of mouse eggs and remains associated through MII
(Viveiros et al., 2003; Viveriros et al., 2001). These earlier
studies did not test whether PKCy remained associated with
the spindle after detergent extraction or use the FRET
analysis, nor did they test the effects of an inhibitor to
PKCy. Viveiros et al. (2003) reported that PKCy filled the
entire nuclear volume in early pronuclei of mouse zygotes.
We have detected PKCy at the periphery of the pronuclei in
some embryos 6 h post-fertilization (data not shown);
D. Page Baluch et al. / Developmental Biology 274 (2004) 45–5554however, in our studies, it did not fill the nucleus as did
PKC~ . The difference in observations may be the result of
timing of post-fertilization development.
The isotypes of PKC have different patterns of enrich-
ment in the egg. Many of the isotypes are enriched around
the meiotic spindle, but as a result of fertilization, the
patterns change and differ from one another as the egg is
converted into the zygote. This study focused on PKC~
because of its tight binding to the meiotic spindle. The
results presented here suggest PKC~ is involved in oocyte
spindle stability. Moreover, the nuclear accumulation of this
protein in zygotes and early embryos suggests that it may
have additional roles in pre-implantation development.Acknowledgment
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